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ABSTRACT 

The CO-steam p r o c e s s  o f  coal l i q u e f a c t i o n  was s t u d i e d  a t  t h e  
Colorado School of Mines t o  de t e rmine  t h e  e f f e c t s  of t empera tu re  
and p r e s s u r e  on t h e  l i q u e f a c t i o n  and d e s u l f u r i z a t i o n  of a h i g h  s u l -  
f u r  b i tuminous  c o a l .  The CO-steam p r o c e s s  u t i l i z e s  t h e  s h i f t  r e a c -  
iioii, wh ich  r e a c t s  water and carbon monoxide t o  form hydrogen and 
carbon d iox ide ,  a s  t h e  s o u r c e  o f  hydrogen f o r  hydrogenat ion  and 
d e s u l f u r i z a t i o n  of t h e  coal. The c o a l  was d i s s o l v e d  wi th  a c r e o s o t e  
o i l  s o l v e n t  b e f o r e  r e a c t i o n .  

Reac t ion  
t empera tu res  were v a r i e d  from 315OC t o  415OC and r e a c t i o n  p r e s s u r e s  
were v a r i e d  frcm 2500 p s i g  t o  3500 p s i g  by va ry ing  t h e  i n i t i a l  carbon 
monoxide p r e s s u r e  a t  room tempera tu re  f ro r .  400  p s i g  t o  600 p s i g .  Fixed 
c F e r a t i n g  v a r i a b l e s  w e r e :  s o l v e n t - t o - c o a l  r a t i o ,  water - to-coa l  r a t i o ,  
r e a c t i o n  t i m e ,  and s o l v e n t  t ype .  The f o l l o w i n g  a n a l y s e s  w e r e  perform- 
ed on t h e  l i q u i d  c o a l  and  s o l v e n t  mixture :  p e r c e n t  benzene i n s o l u b l e s ,  
t o t a l  s u l f u r  a n a l y s i s ,  k i n e m a t i c  v i s c o s i t y ,  carbon hydrogen a n a l y s i s ,  
r e a c t i o n  gas a n a l y s i s ,  and h e a t i n g  valGes.  S u l f u r  b a l a n c e s  and over- 
a l l  m a t e r i a l  b a l a n c e s  were c a l c u l a t e d .  

Exper imenta t ion  w a s  done i n  L a t a 1  a u t o c l a v e  reactors. 

The r e s u l t s  i n d i c a t e  t h a t  conve r s ion  of c o a l  t o  l i q u i l  i n c r e a s e s  
w i t h  a n  i n c r e a s e  i n  r e a c t i o n  t empera tu re  ove r  t h e  r ange  s t u d i e d .  
However, changes i n  ca rbon  monoxide p r e s s u r e s  d i d  n o t  appea r  t o  have 
any  d e f i n i t e  e f f e c t  on  c o a l  conve r s ion  i n  t h e  p r e s s u r e  r ange  inves -  
t i g a t e d .  Coal conve r s ions  ranged from 51 t o  99 p e r c e n t  on a m o i s t u r e  
and a s h - f r e e  b a s i s .  

Coal d e s u l f u r i z a t i o n  i n c r e a s e d  w i t h  a n  i n c r e a s e  i n  r e a c t i o n  
t empera tu re  ove r  t h e  r ange  s t u d i e d .  D e s u l f u r i z a t i o n  r e s u l t s  found 
i n  t h i s  s tudy  were n o t  a s  good as t h o s e  p o t e n t i a l l y  a t t a i n a b l e  u s i n g  
pu re  hydrogen. The maximum d e s u l f u r i z a t i o n  a t t a i n e d  i n  t h i s  s tudy  
W a s  57 p e r c e n t .  The d e s u l f u r i z a t i o n  o b t a i n e d  may n o t  be t h e  maximum 
a t t a i n a b l e  under t h e  r e a c t i o n  c o n d i t i o n s  s t u d i e d  because  of  t h e  
e q u i l i b r i u m  l i m i t a t i o n s  of  a h a t c h  r e a c t o r .  
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Now, because of the energy shortage, pollution controls and 
depenaence on foreign oil sources, there is a growing interest in 
coal liquefaction to produce a clean fuel oil from domestic resources. 
Many power plants burn fuel oil and natural gas instead of coal to 
meet environmental pollution regulations. If a coal-derived oil 
were used to replace the current feeds to power plants this would 
release the petroleum oils and gas consumed by power plants for use 
in home heating, industry, and motor fuel, thus relieving the short- 
age of petroleum-derived fuels. Conversion of coal to clean fuels 
can be accomplished both by liquefaction and gasification; however, 
the liquefaction conversion has a higher thermal efficiency. In 
addition, the liquid fuel produced in liquefaction has a higher 
energy density than gaseous fuels and therefore is cheaper to trans- 
port and store. 

Converting coal to a liquid generally requires the addition of 
hydrogen. If the hydrogen content of the coal is increased by 2 to 
3 percent, mild liquefaction results. The heavy oil produced under 
mild liquefaction conditions can be used as feed to electric power 
boiler generators. If the hydrogen content of the coal is increased 
by 6 percent or more, light oils and gasoline are produced. If the 
liquefied coal is to be used as a boiler feed a heavy oil is pre- 
ferred because it is less costly to produce due to less hydrogen con- 
sumption (1) and it has a higher energy density ( 2 ) .  In addition 
the heavy oil product may be used as a low-sulfur utility fuel either 
directly or after further refinement by removal of the ash and 
unreacted coal. Its use would depend on the design of the furnace 
to be fired with the synthetic liquid fuel. 

Hydrogen is a very expensive raw material; therefore, liquefac- 
tion of coal using hydrogen directly would be a costly process. A 
way around this problem is to produce the hydrogen needed for the 
liquefaction of coal from less expensive raw materials. This can be 
accomplished using the water-gas shift reaction. In this reaction 
water and carbon monoxide react to form hydrogen and carbon dioxide 
and both starting materials, water and carbon monoxide, are inexpen- 
sive and readily available. 

The source of hydrogen used in liquefying the coal in the CO- 
steam process comes from the reaction of carhon monoxide and water 
to form hydrogen and carbon dioxide. The interaction of carbon 
monoxide and water with coal is not as simple as the interaction of 
pure hydrogen and coal (6). Carbon monoxide and water have been 
found to liquefy coal more completely than pure hydrogen as demon- 
strated by Appell, et al. ( 4 ) .  Not only does carbon monoxide and 
water liquefy the coal to a greater extent, but carbon monoxide is 
much cheaper and easier to obtain than hydrogen. In the future, one 
possible source of carbon monoxide would be from a synthesis gas. 

i 
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The purpose of t h i s  s t u d y  was t o  de te rmine  t h e  e f f e c t s  of two 
o p e r a t i n g  v a r i a b l e s ,  t empera tu re  and p r e s s u r e ,  on t h e  l i q u e f a c t i o n  
of a b i tuminous  c o a l  u s i n g  b a t c h  a u t o c l a v e  r e a c t o r s .  Reac t ion  t e m -  
p e r a t u r e s  were v a r i e d  from 375OC t o  475OC and i n i t i a l  carbon monox- 
i d e  p r e s s u r e s  w e r e  v a r i e d  f ro r .  400 p s i  t o  600  p s i .  F ixed  o p e r a t i n g  
v a r i a b l e s  w e r e :  s o l v e n t - t o - c o a l  r a t i o ,  wa te r - to -coa l  r a t io ,  r e a c t i o n  
t i m e ,  and s o l v e n t  t y p e .  The fo l lowing  a n a l y s e s  were performed on 
t h e  l i q u i d  p roduc t :  p e r c e n t  benzene i n s o l u b l e s ,  t o t a l  s u l f u r  ana ly-  
sis, k inemat i c  v i s c o s i t y ,  carbon hydrogen a n a l y s i s ,  s p e c i f i c  g r a v i t y ,  
r e a c t i o n  gas  a n a l y s i s ,  and h e a t i n g  v a l u e .  I n  a d d i t i o n ,  a n  o v e r a l l  
material ba lance  and s u l f u r  ba l ance  was performed.. 

CARBON MONOXIDE-STEAM LIQUEFACTION - LITEPATURE SURVEY 

The fo l lowing  i s  a summary of a l l  c u r r e n t l y  pub l i shed  work on 
t h e  CO-steam p r o c e s s .  

C e l l u l o s e  L i q u e f a c t i o n  

The Bureau of Mines (1) has  expe r imen ta l ly  conver ted  c e l l u l o s e ,  
p r imary  c o n s t i t u e n t  of o r g a n i c  s o l i d  was te ,  t o  a low s u l f u r  o i l .  :.law 
t y p e s  of c e l l u l o s i c  wastes have been conve r t ed  to o i l  by r e a c t i o n  
w i t h  carbon monoxide and wa te r  a t  t empera tu res  of 35OoC t o  4OO0C and 
p r e s s u r e s  nea r  4000 p s i g  i n  t h e  p re sence  of v a r i o u s  c a t a l y s t s  and 
s o l v e n t s .  C e l l u l o s e  conve r s ions  of  90 p e r c e n t  and b e t t e r  were 
o b t a i n e d .  

Sucrose  l i q u e f a c t i o n  w a s  a l s o  s t u d i e d  u s i n g  a con t inuous  r e a c t o r  
w i t h  maximum r e a c t i o n  c o n d i t i o n s  of 5OO0C and 5000 p s i g .  O i l  y i e l d s  
of  ove r  3 0  p e r c e n t  w e r e  o b t a i n e d .  T h i s  compares w i t h  o i l  y i e l d s  of 
40 t o  50 p e r c e n t  f o r  t h e  c e l l u l o s e  l i q u e f a c t i o n .  

Work was a l s o  done  by Yavorsky, e t  a l .  ( 2 )  u s i n g  t h e  C O - s t e a m  
p r o c e s s  t o  l i q u e f y  u rban  r e f u s e .  A con t inuous  r e a c t o r  w i t h  a f low 
c a p a c i t y  of 1 l b  p e r  hour w a s  used .  Sucrose  w a s  used t o  s e l e c t  t h e  
optimum c o n d i t i o n s  f o r  t h e  r e a c t i o n  of  r e f u s e .  R e s u l t s  from t h e  
s u c r o s e  runs  i n d i c a t e d  t h a t  conve r s ion  t o  o i l  was weakly dependent 
on  t o t a l  p r e s s u r e  and s t r o n g l y  t empera tu re  s e n s i t i v e  up t o  t h e  optimum 
a t  35OoC. 
s u c r o s e  were o b t a i n e d .  The u l t i m a t e  t h e o r e t i c a l  y i e l d  of o i l  i s  50 
p e r c e n t  because approx ima te ly  h a l f  t h e  ca rbohydra t e  m a t e r i a l  i s  
oxygen which canno t  be  conve r t ed  t o  o i l .  A p re l imina ry  c o s t  a n a l y s i s  
showed t h a t  a l a r g e  s c a l e  r e f u s e  conve r s ion  p l a n t  could  be economic- 
a l l y  o p e r a t e d .  

O i l  y i e l d s  of  23  p e r c e n t  f o r  ga rbage  up  t o  38 p e r c e n t  f o r  

E a r l y  CO-Steam Work 

I n  1 9 2 1  F i s h e r  ( 3 )  r e p o r t e d  u s i n g  carbon monoxide and wa te r  i n  
dehydrogenat ing  c o a l .  H e  reportec? h i g h e r  y i e l d s  of e t h e r - s o l u b l e  
m a t e r i a l  us ing  ca rbon  monoxide and wa te r  t han  w i t h  hydrogen a t  sinilar 
condi t ions .  Low overa l l  convers ion  a long  w i t h  s e v e r a l  o t h e r  problems 
caused  t h e  carbon monoxide p l u s  water approach  to  c o a l  hydrogenat ion  
t o  be ignored  a f t e r  1925. 
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L i g n i t e  L ique fac t ion  

Batch tests were conducted by Appe l l ,  e t  a l .  ( 4 , 5 , 6 , 7 )  u s i n g  a 
500 m l  rock ing  a u t o c l a v e  f i l l e d  w i t h  2 n o l e s  of  carbon monoxide, 
l i g n i t e  c o a l ,  w a t e r ,  and s o l v e n t .  The o b j e c t i v e  of t h e  work was t o  
c o n v e r t  l i g n i t e  t o  low s u l f u r  f u e l  o i l .  I t  was b e l i e v e ?  t h a t  
hydrogenat ion  of c o a l  u s i n g  carbon monoxide and water  proceeded v i a  
nascen t  hydrogen formed by t h e  water -gas  s h i f t  r e a c t i o n .  It  now 
appea r s  t h a t  carbon monoxide and wa te r  react w i t h  l i g n i t e  i n  a more 
complex manner and t h a t  a number of  f a c t o r s  are invo lved .  Carbon 
monoxide and steam ha2 h i q h e r  conve r s ion  l e v e l s  and r e a c t i o n  r a t e s  
t han  t h o s e  o b t a i n e d  u s i n g  hydrogen under  s i m i l a r  c o n d i t i o n s .  R e s u l t s  
a l s o  i n d i c a t e d  t h a t  bo th  carbon monoxide and w a t e r  must be p r e s e n t  
i f  good conve r s ions  a r e  t o  be o b t a i n e d ,  and t h a t  i n c r e a s i n g  t h e  
carbon monoxide p r e s s u r e  has  a g r e a t e r  e f f e c t  t h a n  i n c r e a s i n g  t h e  
steam p r e s s u r e .  These e f f e c t s  a r e  dependent on t h e  r a t i o  o f  carbon 
monoxide t o  wa te r .  Conversion of l i g n i t e  i n c r e a s e s  w i t h  i n c r e a s i n g  
amounts of  carbon monoxide and steam: however, t h e r e  w a s  an  optimum 
tempera ture .  Decreased conve r s ion  r e s u l t e d  a f t e r  t h e  t empera tu res  
were inc reased  p a s t  40OoC. 

and c a t a l y s t s .  S e v e r a l  l i g n i t e  tars and p i t c h e s  w e r e  used a s  sol-  
v e n t s  and a l l  gave good r e s u l t s  f o r  l i g n i t e  l i q u e f a c t i o n .  
of s o l v e n t  w a s  found more impor t an t  t h a n  t h e  amount. I n  the p res -  
ence  of a good s o l v e n t ,  it i s  p o s s i b l e  t o  reduce  t h e  o p e r a t i n g  p res -  
s u r e  and m a i n t a i n  a c c e p t a b l e  conve r s ions  (85-90%). H e t e r o c y c l i c  
amines were found t o  have a c a t a l y t i c  e f f e c t  when used  w i t h  carbon 
monoxide and water. The e f f e c t i v e n e s s  of t h e  h e t e r o c y c l i c  amines 
w a s  r e l a t e d  t o  t h e  i n c r e a s e d  b o i l i n g  p o i n t  of t h e  s o l v e n t .  

Appel l ,  e t  a l .  ( 8 )  a l s o  d i d  work u s i n g  d i f f e r e n t  s o l v e n t  t y p e s  

The type  

EXPERIMENTAL D E S I G N  

The o b j e c t  of t h i s  s tudy  was t o  de te rmine  t h e  e f f e c t s  of vary- 
i ng  r e a c t i o n  t empera tu re  and t h e  i n i t i a l  moles o f  carbon monoxide 
( p r e s s u r e )  on t h e  l i q u e f a c t i o n  of c o a l .  The c o a l  used i n  t h i s  s t u d y  

w a s  a b i tuminous  c o a l  from t h e  P i t t s b u r g h  number 8 seam, I r e l a n d  
Mine, i n  W e s t  V i r g i n i a .  A proximate  a n a l y s i s ,  u l t i m a t e  a n a l y s i s ,  and 
a s u l f u r  form d i s t r i b u t i o n  can b e  seen  i n  Table  1. The b i tuminous  
c o a l  was s e l e c t e d  because  of t h e  r e l a t i v e  d i f f i c u l t y  i n  l i q u e f y i n g  
it. Also, t h e  pr imary  t h r u s t  of p r e v i o u s  work was i n  l i q u e f y i n g  a 
l o w  rank  c o a l  such  a s  a l i g n i t e .  

375-475OC. 
i n  p rev ious  CO-steam work: however, it was though t  t h a t  more s e v e r e  
c o n d i t i o n s  w e r e  needed t o  conve r t  t h e  h igh  rank  b i tuminous  c o a l .  
F ive  t empera tu re  l e v e l s  were used i n  o r d e r  t o  o b t a i n  a d e f i n i t e  
t r e n d  i n  conve r s ion  a s  a f u n c t i o n  of t empera tu re .  

Reac t ion  t empera tu res  were examined a t  f i v e  l e v e l s  from 
These t empera tu res  a r e  somewhat h i g h e r  t h a n  t h o s e  used 

Two major c o s t  f a c t o r s  i n  l i q u e f y i n g  c o a l  are t h e  c a p i t a l  costs 
for h igh  p r e s s u r e  equipment and t h e  carbon monoxide cost .  The re fo re ,  
i f  compara t ive ly  l o w  o p e r a t i n g  p r e s s u r e s  y i e l d  a n  a c c e p t a b l e  
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Tab le  1. U l t i m a t e  a n d  Proximate  Analyses  of Coal Used. 

Coal:  IEI 
Source: West V i r g i n i a  
Rank: Bituminous 

Proximate  
A n a l y s i s  
% Mois tu re  
% Ash 
% V o l a t i l e  
% Fixed  Carbon 

U 1 t i m a  t e 
A n a l y s i s  
% Mois tu re  
8 Carboa 
% Hydrogen 
% Ni t rogen  
% C h l o r i n e  
% S u l f u r  
% Ash 
% Oxygen 

Hea t ing  Value (Btu) 
% T o t a l  S u l f u r  
% Organic  S u l f u r  
% S u l f a t e  S u l f u r  
% P y r i t i c  S u l f u r  

A s  
Received 

0.75 
12.99 
34.68 
51.58 

100.00 

0 .75  
61.09 

4.54 
0 .95  
0.05 
4.14 

12.99 
15.49 

100.00 

11 ,143  

- 

4.140 
3.157 
0.037 
0.946 

Dry 
E a s i s  - 
13.16 

39.94 
51.00 

100.00 

61.55 
4.57 
0.96 
0.05 
4.18 

13.16 
15.53 

100.00 

11,227 

- 
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convers ion  of c o a l  t o  o i l ,  c a p i t a l  inves tment  cou ld  h e  saved due 
t o  lower carbon monoxide consumption and u t i l i z a t i o n  of l o w e r  
p r e s s u r e  equipment. W i t h  t h i s  i n  mind, t h e  l o w  i n i t i a l  p r e s -  
s u r e s  of 4 0 0  t o  600  p s i g  of carbon monoxide were s e l e c t e d .  Another 
f a c t o r  i n  s e l e c t i n g  t h e  low i n i t i a l  p r e s s u r e s  of  carbon monoxide was 
t h e  p r e s s u r e  l i m i t a t i o n s  of t h e  equipment used .  The f i n a l  p r e s s u r e s  
i n  some c a s e s  could  exceed 3000 p s i g  and t h e  l i n i t  of  t h e  equipment 
is  approximate ly  11000 p s i g  a t  40O0C. 
600 p s i g  i n i t i a l  p r e s s u r e .  

I t  was dec ided  n o t  t o  exceed 

Fixed o p e r a t i n g  v a r i a b l e s  were a s  fo l lows :  
1) React ion  t i m e :  1 h r  
2 )  Water-to-coal w e i q k t  r a t i o :  1 . 5 : l  
3)  So lven t - to -coa l  weight r a t io :  3 : l  
4) Solven t  type :  Creoso te  o i l  

Deter r r ina t ion  of t h e  p e r c e n t  conve r s ion  o f  c o a l  to  l i q u i d  
product  was done w i t h  benzene i n  a Soxh le t  e x t r a c t o r .  The p e r c e n t  
convers ion  waslOO% less t h e  p e r c e n t  of i n s o l u b l e  r e s i d u e  remain ing  
a f t e r  benzene e x t r a c t i o n .  C a l c u l a t i o n s  were done on a n  a s h - f r e e  
b a s i s .  S u l f u r  a n a l y s i s  on t h e  l i q u i d  p roduc t  vas done t o  de te rmine  
t h e  p e r c e n t  d e s u l f u r i z a t i o n  of t h e  c o a l  and a l s o  i n  c o n j u n c t i o n  w i t h  
t h e  o f f - g a s  a n a l y s i s  a l lowed c a l c u l a t i o n  of  a s u l f u r  ba l ance .  
Carbon hydrogen a n a l y s i s  was done t o  de te rmine  t h e  carbon-hydrogen 
r a t i o  of t h e  l i q u e f i e d  c o a l  p roduc t  t o  de te rmine  t h e  approximate  
hy l rogena t ion  and chemica l  a l t e r a t i o n  of  t h e  c o a l  t h rough  p rocess ing .  

Table  2 shows t h e  r u n  numbers and t h e  co r re spond ing  r e a c t i o n  
c o n d i t i o n s .  Each v a r i a b l e  combinationwas t r i p l y  r e p l i c a t e d ,  r e s u l t i n 5  
i n  an  A ,  B ,  and C run  a t  each  r e a c t i o n  c o n d i t i o n .  A l l  expe r imen ta l  
runs  were performed i n  a random order, n o t  i n  t h e  o r d e r  l i s t e d  i n  
Table  2 .  

Table  2 .  Run c o n d i t i o n s .  

Run 
No. 
1 
2 
3 
4 
5 
6 
7 
0 
9 

10  
11 
12 
13 
14 
15 

Reactlon . 
Temperature 

(OC)  

375 
375 
3 75 
400 
400 
400 
425 
425 
425 
450 
450 
450 
475 
475 
475 

- 

Initial CO 
Pressure* 
(PSiR) 

400 
500 
600 
400 
500 
600 
400 
500 
600 
400 
500 
600 
400 
500 
600 

*At room t e n p e r a t c r e  



32 

EXPERIMEPJTAL PROCEDURE 

T h e  f o l l o w i n g  p r o c e d u r e s  a re  l i s t e d  i n  t h e  o r d e r  i n  which t h e y  

A l l  e x p e r i m e n t a l  r u n s  w e r e  performed i n  a random Order .  

were performed o n  each  i n d i v i d u a l  r u n  (see F i g u r e  1). 

Coal P r e p a r a t i o n  

1) Raw c o a l  from t h e  mine w a s  c rushed  and s c r e e n e d  and a l l  t h a t  which 
p a s s e d  through a 2 8  mesh s c r e e n  was r e t a i n e d .  

2 )  One large sample of - 2 8  mesh c o a l  w a s  t h e n  s p l i t  i n t o  1 6  e q u a l  
s i z e  samples  u s i n g  a J o n e s  sample s p l i t t e r .  T h i s  procedure  w a s  done 
t h r e e  t i m e s  i n  o r d e r  t o  make enough samples  f o r  a l l  t h e  r u n s  t o  b e  
c a r r i e d  o u t .  

3 )  Each sample was p l a c e d  i n  a b e a k e r  w i t h  a watch g l a s s  cover and 
u s e d  when needed. 

P r o c e s s i n g  

Reac t ion  of t h e  c o a l  proceeded as f o l l o w s :  

1) The empty r e a c t i o n  vessel  and head assembly were weighed. 

2 )  One hundred f i f t y  grams of  a n t h r a c e n e  o i l  s o l v e n t ,  75 g r a m  of 
d i s t i l l e d  water;and 50 grams of  coal  were weighed and added t o  t h e  
bomb. 

3 )  The r e a c t i o n  vessel  assembly w a s  reassembled and t h e n  reweighed t o  
d e t e r m i n e  t h e  amount o f  r e a c t a n t s  added. 

4 )  The assembled r e a c t i o n  assembly w a s  t h e n  i n s e r t e d  i n t o  t h e  h e a t i n g  
j a c k e t  and shaking  assembly .  The connec t ing  l i n e s  were  t h e n  a t t a c h e d  
and t h e  thermocouple  w a s  i n s e r t e d  i n t o  t h e  thermowell .  

5) The r e a c t i o n  vessel w a s  t h e n  purged t h r e e  t i m e s  by p r e s s u r i n g  t o  
500 psig w i t h  helium, t h e n  v e n t i n g  t o  a t m o s p h e r i c  p r e s s u r e .  On t h e  
t h i r d  p r e s s u r i z a t i o n  t h e  r e a c t i o n  assembly and connec t ing  l i n e s  were 
l e a k  t e s t e d  u s i n g  a water -soap  s o l u t i o n .  I f  there  w e r e  no l e a k s  t h e  
r e a c t i o n  vessel w a s  p r e s s u r i z e d  w i t h  carbon monoxide once  t o  500 p s i g ,  
t h e n  t o  the i n i t i a l  c a r b o n  monoxide p r e s s u r e  r e q u i r e d  f o r  t h a t  run .  
The system t e m p e r a t u r e  w a s  a l so  r e c o r d e d  i n  order t o  d e t e r m i n e  t h e  
w e i g h t  of CO added to t h e  r e a c t i o n  v e s s e l .  

6) The h e a t i n g  j a c k e t  and shaker  assembly were both t u r n e d  on and t h e  
t e m p e r a t u r e  c o n t r o l l e r  fo r  t h e  h e a t i n g  j a c k e t  s e t  a t  r e a c t i o n  t e m -  
p e r a t u r e ,  

7 )  When t h e  sys tem r e a c h e d  r e a c t i o n  t e m p e r a t u r e  t h e  t o t a l  p r e s s u r e  
w a s  taken .  (Three  r u n s  were done a t  t h e  same c o n d i t i o n s ,  o n l y  on 
t h e  t h i r d  r u n  t he  p r e s s u r e  w a s  n o t  checked so no g a s  i s  l o s t .  T h i s  
w a s  done so t h a t  an  a c c u r a t e  o v e r a l l  m a t e r i a l  b a l a n c e  could  be 
o b t a i n e d .  ) 
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8 )  The system w a s  a l lowed t o  r e a c t  f o r  one  hour  a t  which t i m e  b o t h  
t h e  shaker  and t h e  h e a t e r  were swi tched  o f f ,  t h e  c o n n e c t i n g  l i n e  t o  
t h e  v e s s e l  w a s  removed and  t h e  r e a c t i o n  vessel assembly was removed 
from t h e  h e a t i n g  j a c k e t .  The r e a c t i o n  v e s s e l  w a s  t h e n  p l a c e d  i n  
f r o n t  of a f a n  and cooled  t o  room tempera ture .  T h i s  caused  t h e  t e m -  
p e r a t u r e  i n s i d e  t h e  bomb t o  d e c r e a s e  r a p i d l y ,  t h u s  quenching t h e  
r e a c t i o n .  

9) Khen t h e  r e a c t i o n  v e s s e l  had c o o l e d  t o  room t e m p e r a t u r e  t h e  r e a c -  
t i o n  vessel assembly w a s  t h e n  weighed and c a r r i e d  t o  t h e  g a s  a n a l y s i s  
system. 

10) A f t e r  comple t ion  of t h e  g a s  a n a l y s i s ,  t h e  r e a c t i o n  v e s s e l  was 
opened and t h e  l i q u i d  p r o d u c t  poured o u t  i n t o  a beaker .  I n  o r d e r  
t o  remove a l l  t h e  l i q u i d  p r o d u c t  t h e  i n s i d e  of t h e  r e a c t i o n  v e s s e l  
w a s  washed w i t h  a c e t o n e .  The a c e t o n e  wash w a s  t h e n  poured  i n  w i t h  
t h e  l i q u i d  p r o d u c t .  T h i s  m i x t u r e  w a s  t h e n  p l a c e d  i n  a n  oven a t  
approximate ly  5OoC u n t i l  a l l  t h e  a c e t o n e  w a s  v a p o r i z e d .  W e  beaker  w a s  
t h e n  weighed t o  d e t e r m i n e  t h e  amount of  l i q u i d  p r o d u c t  r e c o v e r e d .  

FQU I PMENT 

Two reactor systems of  t h e  b a t c h  a u t o c l a v e  g e n e r i c  t y p e  w e r e  
used i n  t h i s  s t u d y .  A g a s  d e l i v e r y  sys tem,  a r e a c t i o n  v e s s e l ,  and 
a shaking  assembly w e r e  t h e  f u n c t i o n a l  p a r t s  of  t h e  reactor systems.  
The r e a c t i o n  vessels w e r e  manufactured by t h e  American I n s t r u m e n t  
Company (AMINCO) o f  S i l v e r  S p r i n g ,  Maryland, and were from t h e  
4 3/8-in. series. Both r e a c t i o n  v e s s e l s  had i n s i d e  d e p t h s  o f  1 0  i n . ,  
i n s i d e  diam. of 3 5/16 i n . ,  and approximate  w e i g h t s  o f  50  l b s .  The 
vessels were f a b r i c a t e d  from AIS1 347 s t a i n l e s s  s tee l .  The vessels 
had a working p r e s s u r e  r a t i n g  of  5 ,050  p s i  a t  100°F and  ha? an  
e f f e c t i v e  volume of 1 4 1 0  m l .  Two s h a k i n g  a s s e m b l i e s  w e r e  used  i n  
t h e  reactor system. The shaking  a s s e m b l i e s  w e r e  s t a n d a r d  Pminco 
4 3/8-in. series and c o n s i s t e d  of  a 3,000-watt ,  208-vol t  h e a t i n g  
j a c k e t  mounted on a r o c k e r  assemhly.  The r o c k e r s  f o r  t h e  shaking  
assemblies w e r e  a c t u a t e d  by 1/3-hp, 110-vol t  motors d r i v i n g  e c c e n t r i c  
levers  connected t o  t h e  h e a t i n g  j a c k e t s .  The h e a t i n g  j a c k e t  had 
t h e  c a p a c i t y  t o  h e a t  from room t e n p e r a t u r e  t o  400°C i n  approximate ly  
1 1 / 2  hr .  Aminco 30,000 p s i  valves and f i t t i n g s  w e r e  u s e d  t o  regu-  
l a t e  t h e  i n l e t  and e x i t  o f  t h e  r e a c t i o n  g a s e s  from e a c h  r e a c t i o n  
vessel. One reactor system w a s  equipped w i t h  0 t o  3,000 p r e s s u r e  
gauge. The o t h e r  had a 0-5,000 p s i  p r e s s u r e  gauge. Tubing u s e d  on 
t h e  shaking a s s e m b l i e s  w a s  3 0 4  s t a i n l e s s  s t ee l ,  l /d - in .  o .d . ,  and 
r a t e d  f o r  o p e r a t i o n  a t  1 0 0 , 0 0 0  p s i  a t  100°F. 

Leeds and Nor thrup  Electromax I11 c o n t r o l l e r s ,  w i t h  Model 1 1 9 0 6  
SCR f i n a l  c o n t r o l  e lements  were u s e d  f o r  t e m p e r a t u r e  c o n t r o l .  Tem- 
p e r a t u r e s  w e r e  r e c o r d e d  on a Honeywell E l e c t r o n i k  I11 two-channel 
cont inuous  r e c o r d e r .  The t e m p e r a t u r e  s e n s o r s  w e r e  chromel-alumel 
thermocouples .  
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Both shaking  assemblies w e r e  connec ted  t o  purg ing-charg ing  g a s  
d e l i v e r y  s y s t e n s .  Each o f  t h e s e  sys tems c o n s i s t e d  of a hel ium 
c y l i n d e r ,  a carbon-monoxide gas c y l i n d e r ,  p r e s s u r e  r e g u l a t o r s  f o r  
each  c y l i n d e r ,  and A m i n c o  s t a i n l e s s  s teel  t u b i n g  and f i t t i n g s  s i m -  
i l a r  t o  t h o s e  u s e d  on t h e  s h a k i n g  a s s e n b l i e s .  

To a n a l y z e  €or t h e  t o t a l  s u l f u r  c o n t e n t  of t h e  l i q u i d  coal, t h e  
Leco i n d u c t i o n  f u r n a c e  t e c h n i q u e  was used.  A gas p u r i f j - c a t i o n  t r a i n ,  
a n  i n d u c t i o n  f u r n a c e  and a semi-automatic  t i t r a t o r  u n i t  w e r e  t h e  t h r e e  
components of t h e  a n a l y s i s  system. The g a s  p u r i f y i n g  t r a i n  c o n t a i n e d  
a n  a c i d  tower, a d r y  r e a g e n t  tower, and a r o t a m e t e r ,  and was used t o  
measure and s c r u b  any r e s i d u a l  s u l f u r  from t h e  e n t e r i n g  oxygen. The 
i n d u c t i o n  furnace  w a s  a Ieco model 521, equipped  w i t h  t h e  "L" modi f i -  
c a t i o n  on t h e  combust ion chamber. A s p e c i a l  f e a t u r e  o f  t h e  "L" modi- 
f i c a t i o n  was t h e  i n c l u s i o n  of a h i g h  t e m p e r a t u r e  i g n i t e r  i n  t h e  combus- 
t i o n  chamber. The e x h a u s t  qas 'es from t h e  i n d u c t i o n  f u r n a c e  combustion 
chamber were s e n t  t h r o u g h  a n  e l e c t r i c a l l y  h e a t e d  g l a s s  d e l i v e r y  t u b e  
and i n t o  t h e  Leco semi-automatic  t i t r a t o r  model 518. The semi-automa- 
t i c  t i t r a t o r  used a n  i d i o m e t r i c  r e a c t i o n  w i t h  a c o l o r  change e n d p o i n t  
t o  a n a l y z e  t h e  combust ion g a s e s .  The r e p o r t e d  accuracy  o f  t h e  tes t  i s  
+ O  .01  weight  p e r c e n t  s u l f u r .  The Leco i n d u c t i o n  f u r n a c e  t e c h n i q u e  
used w a s  ASTI4 D1552-64 (American S o c i e t y  f o r  T e s t i n g  an6 Kater ia ls ,  
1968, pp. 377-383) .  

A n a l y s i s  of  t h e  r e a c t i o n  p r o d u c t  g a s  w a s  accomplished by g a s  
chromatography. T h e  gas chromatograph w a s  f i t t e d  w i t h  a n  e x t e r n a l  
valve oven, t w o  e i g h t - f o o t  Porapak Q columns, and one s i x - f o o t  
molecular  sieve column i n  a series by-pass  arrangement .  The columns 
w e r e  h e a t e d  t o  170OC. The chromatograph w a s  s u p p l i e d  w i t h  a hel ium 
carrier gas .  A h e a t e d  t h e r m a l  c o n d u c t i v i t y  d e t e c t o r  was used.  The 
f o l l o w i n g  components c o u l d  b e  q u a n t i t a t i v e l y  determined:  

1) co 

3 )  CH4 

5 )  C3H8 
6 )  i-CqH10 
7 )  n-CqH10 
8 )  H2S 
9) cos 
The hydrogen c o m p o s i t i o n  w a s  de te rmined  i n d i r e c t l y  u s i n g  t h e  

2 )  c02 

4 )  C2H6 

a v e r a g e  molecular  w e i g h t  and t h e  hydrogen f r e e  gas composi t ion  of  
t h e  r e a c t i o n  g a s e s .  The accuracy  of  t h e  r e p o r t e d  q a s  weight  per -  
c e n t s  are f 2 . 5  p e r c e n t .  C a l i b r a t i o n  o f  t h e  g a s  chromatograph w a s  
accomplished by d e t e r m i n i n g  a n  a v e r a g e  r e s p o n s e  f a c t o r  fo r  p u r e  
components r e l a t ive  t o  n i t r o g e n ,  and a n  a v e r a g e  r e t e n t i o n  t i m e  f o r  
each component w a s  e s t a b l i s h e d .  
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I' I 

RESULTS 

P e r c e n t  Conversion of Coal  t o  T iqu id  

The r e s u l t s  of  t h e  S o x h l e t  e x t r a c t i o n s  are summarized i n  F i g u r e  
2.  One d e f i n i t e  t r e n d  shown by t h e  d a t a  i s  t h a t  h i g h e r  t empera tu res  
f a v o r  t h e  l i q u e f a c t i o n  of c o a l .  The carbon monoxide p r e s s u r e  e f f e c t s  
a r e  n o t  a s  obvious.  However, a t r e n d  can b e  seen  if t h e  h i g h e s t  and 
lowes t  p r e s s u r e  l e v e l  are compared. A t  a l l  b u t  t h e  lowest tempera- 
t u r e  i n v e s t i g a t e d  (375%) t h e  600 p s i  conve r s ion  i s o b a r  was above 
t h e  4 0 0  p s i  conve r s ion  i s o b a r .  T h i s  s u g q e s t s  t h a t  h i g h e r  i n i t i a l  
p r e s s u r e s  of carbon monoxide enhance t h e  l i q u e f a c t i o n  of c o a l ,  which 
a g r e e s  wi th  r e s u l t s  from t h e  Bureau of Mines r e s e a r c h  ( 5 ) .  Appell  
and Wender found t h a t  a n  i n c r e a s e  of i n i t i a l  carbon monoxide p r e s s u r e  
from 500 p s i  t o  1100 p s i  r e s u l t s  i n  a n  i n c r e a s e  i n  conve r s ion  from 
approximately 40% t o  70%, f o r  a bi tuminous c o a l .  Reac t ion  tempera- 
t u r e s  and r e a c t i o n  t i m e s  f o r  t h e  Bureau of Mines s t u d y  w e r e  425OC 
and 2 hours ,  r e s p e c t i v e l y .  A 6 i f f e r e n t  s o l v e n t  t y p e ,  s o l v e n t - t o - c o a l  
ra t io ,  and water- to-coal  r a t i o  were used  so t h e  Cureau o f  Mines 
r e s u l t s  canno t  b e  d i r e c t l y  compared w i t h  t h e  r e s u l t s  r e p o r t e d  h e r e .  
However, t h e  c o n v e r s i o n s  found i n  t h i s  s t u d y  were h i g h e r  t han  con- 
v e r s i o n s  of a bi tuminous c o a l  r e p o r t e d  by t h e  Bureau of Mines. When 
a l l  t h r e e  i s o b a r s  are p l o t t e d  ( F i g u r e  2 )  no p r e s s u r e  t r e n d  seems 
a p p a r e n t .  The 500 p s i  i s o b a r  crosses b o t h  t h e  400 p s i  and t h e  6 0 0  
p s i  i s o b a r s .  T h i s  s u g g e s t s  t h a t  t h e  p r e s s u r e  l e v e l s  chosen w e r e  t o o  
c l o s e  t o g e t h e r  f o r  any t r e n d  t o  b e  observed.  

conve r s ion  of t h e  coal. The data was s c a t t e r e d ,  however t h e  t r e n d  
shows t h a t  i n c r e a s i n g  t h e  hydrogen p a r t i a l  p r e s s u r e  i n c r e a s e s  t h e  
c o a l  conversion.  The r e a c t i o n  g a s  a n a l y s i s  w a s  used t o  de te rmine  
hydrogen p a r t i a l  p r e s s u r e s .  

One problem i n  t h e  a n a l y s i s  of t h e  l i q u e f i e d  c o a l  was t h e  
inaccuracy  i n  t h e  S o x h l e t  e x t r a c t i o n  p rocedure .  
were done and t h e  error i n  t h e  S o x h l e t  e x t r a c t i o n s  ranged between 2 
t o  1 5  p e r c e n t .  

acy of k2.5OC and 210  p s i  r e s p e c t i v e l y .  

S u l f u r  Balances 

F i g u r e  3 shows t h e  e f f e c t  of hydrogen p a r t i a l  p r e s s u r e  on t h e  

R e p e a t a b i l i t y  t es t s  

The t empera tu re  and p r e s s u r e  r e a d i n g s  r e p o r t e d  have a n  accu r -  

A t a b u l a r  comparison of t h e  s u l f u r  b a l a n c e s  f o r  a l l  t h e  c r u n s  
i s  shown i n  Table  3. 
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Tab le  3. S u l f u r  Balance ( a l l  we igh t s  i n  g rams) .  

S u l f u r  Out S u l f u r  
Run S u l f u r  I n  (Reac t ion  S u l f u r  Out Out % 

T o t a l  G a s )  (L iq .  Coal )  T o t a l  D i f f e r e n c e  E r r o r  
2.7 1 . 0  2.0 3 .0  +0.3 11.1 
2.8 1 . 3  1.9 3 .2  +0.4 1 4 . 2  
2.7 1 . 0  2.0 3.0 +0.3 11.1 3c 

4c 2.7 1.4 1.8 3.2 +0.5 18 .5  
5c 2.7 0 . 4  1 .9  2 .3  - 0 . 4  14.8 
6C 2.8 1 . 3  1.7 3.0 +0.2 7 .1  
7c  2.7 2.2 1 .7  3.9 +l. 2 4 4 . 4  
8C 2.7 1 . 6  1 .5  3 . 1  +0.4 14.8 
9c 2.7 1 . 3  1 . 7  3.0 +0.3 11.1 

10 c 2.7 1 . 5  1.5 3.0 +0.3 11.1 

11c 2.7 2.0 1 . 4  3 .4  +n.7 10 .3  
12c 2.7 1 . 6  1 .5  3 . 1  +0.4 14 .8  

1 4 C  2.7 1 .6  1.1 2.7 0 . 0  0 .0  
15C 2.7 1 .6  1.1 2.7 0 . 0  0 .0  

;: 

13C 2.7 1 .7  1 . 0  2.7 0 . 0  0 . 0  

The l a r g e s t  s o u r c e  f o r  e r r o r  i n  t h e  s u l f u r  ba l ance  c a l c u l a t i o n s  
w a s  t h e  d e t e r m i n a t i o n  of  t h e  p e r c e n t  s u l f u r  i n  t h e  r e a c t i o n  gas .  
The de te rmina t ion  of  t h e  s u l f u r  c o n t e n t  i n  t h e  r e a c t i o n  gas was done 
us ing  a gas  chromatograph.  The s u l f u r  p e r c e n t a g e s  can  have e r r o r s  
up to  4.5 p e r c e n t .  

The e r r o r  i n  t h e  s u l f u r  ba l ances  range  from 0 .0  t o  4 4  pe rcen t .  
The average  e r r o r  was approximate ly  10 t o  15  p e r c e n t  w i th  more 
a p p a r e n t  s u l f u r  b e i n g  accounted  f o r  i n  t h e  p roduc t s  t han  i n  t h e  
combined feed.  Th i s  s u g g e s t s  t h a t  t h e  s u l f u r  a n a l y s i s  on t h e  r a w  
c o a l  o r  t h e  c r e o s o t e  o i l  w a s  low o r  t h e  p e r c e n t  s u l f u r  i n  e i t h e r  
t h e  r e a c t i o n  gas  or l i q u i d  c o a l  was c o n s i s t e n t l y  h igh .  Desp i t e  t h e  
aforementioned problems t h e  r e s u l t s  from bo th  t h e  s u l f u r  ba l ance  
and t h e  o v e r a l l  m a t e r i a l  ba l ance  a r e  encouraging .  

S u l f u r  Removal 

Total  s u l f u r  a n a l y s e s  on t h e  l i q u i d  c o a l  and s o l v e n t  mix tu re  
a r e  shown i n  F i g u r e  4. The p o i n t s  p l o t t e d  i n  F i g u r e  4 w e r e  found 
from t h e  average  o f  t h e  t h r e e  runs  a t  t h e  same t empera tu re  and p res -  
s u r e .  I n c r e a s e s  i n  r e a c t i o n  t empera tu re  and carhon monoxide p res -  
sure dec rease  t h e  amount o f  s u l f u r  i n  t h e  l i q u i d  p roduc t .  The on ly  
d e v i a t i o n  from t h i s  g e n e r a l  t r e n d  o c c u r s  a t  375OC and 4OO0C a t  an 
i n i t i a l  carbon monoxide p r e s s u r e  o f  400 p s i .  A t  b o t h  t h e s e  tempera- 
t u r e s  t h e  lowes t  carbon monoxide p r e s s u r e  had be t t e r  d e s u l f u r i z a t i o n  
t h a n  t h e  h ighe r  p r e s s u r e s .  

Fol lowing i s  a p o s s i b l e  exp lana t ion  of  t h e  c r o s s i n g  o f  t h e  
d e s u l f u r i z a t i o n  i s o b a r s  i n  F igu re  4 .  S e v e r a l  c o n s i d e r a t i o n s  a r e  
l i s t e d  below: 

1 
/ 

1 

1 

i 

a 
1 
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1) Higher reaction pressures were obtained by charging more carbon 
monoxide to the reactor. Since the amount of water charged is 
fixed,a higher carbon monoxide-to-water ratio increases the yield 
of hydrogen produced from the shift reaction. 

2) Higher temperature increases the reaction rates for both the 
hydrogen desulfurization reaction and the shift conversion reaction. 

3 )  However, the thermodynamic yields of H2S and H2 from the desul- 
furization reaction and the shift conversion reaction are greater 
at lower temperatures. 

4 )  Partial desulfurization of coal occurs by devolatilization of 
the coal. More devolatilization occurs at lower system pressures. 

Items 1 and 2 indicate that greater desulfurization occurs at 
higher temperature and pressure. However, item 3 indicates low tem- 
peratures are more favorable to desulfurization, and item 4 indicates 
an advantage for low pressures. These considerations offer a par- 
tial explanation for the reversal of pressure effects at lower tem- 
peratures and the flat temperature response at the lower tempera- 
tures investigated. 

hydrogen partial pressures. This coincides with the higher tem- 
peratures investigated, and suggests that the shift reaction was 
going more to completion at higher temperatures as indicated in item 
2.  

Figure 5 shows that the best desulfurization occurs at higher 

The temperature effects on desulfurization are much more appar- 
ent. An increase in reaction temperature of lOOoC approximately 
doubles the desulfurization of the coal. 

The error in the Leco procedure for determining the total sul- 
fur in the coal product is kO.01 percent, which is not significant 
in comparison with the total sulfur percentages in the oil of 0.6 to 
1.0 percent. 

Actual desulfurization of the coal ranged from 23 to 57 percent. 
Desulfurization results on the same coal using hydrogen at similar 
reacti n conditions were reported to be 77 percent desulfurization 
at 400 C (9). Approximately 25 percent of the sulfur w a s  removed 
using the CO-steam process at the same reaction temperatures. Appar- 
ently pure hydrogen gives much better desulfurization than carbon 
monoxide and water. Better desulfurization with hydrogen should be 
expected since there is more hydrogen in the gas phase present to 
react with the sulfur. 

8 

The primary desulfurization reaction that is favored by chem- 
ical equilibrium is reaction of sulfide sulfur i n  the coal 
with hydrogen gas. The reaction is: 

RSR(I1) + 2H2(g) + 2RH(g) + H2S(g) 
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A p l o t  of  c o a l  d e s u l f u r i z a t i o n  v e r s u s  hydrogen p a r t i a l  p r e s s u r e  and 
r e a c t i o n  t e m p e r a t u r e  w a s  made t o  de termine  t h e  e f f e c t s  o f  each  on 
d e s u l f u r i z a t i o n .  The plots are shown i n  F i g u r e s  5 and 6.  Two con- 
c l u s i o n s  can be made from t h e s e  p l o t s .  One, d e s u l f u r i z a t i o n  
i n c r e a s e s  w i t h  a n  i n c r e a s e  i n  hydrogen p a r t i a l  p r e s s u r e ,  and desul -  
f u r i z a t i o n  i n c r e a s e s  w i t h  an i n c r e a s e  i n  r e a c t i o n  tempera ture .  The 
hydrogen p a r t i a l  p r e s s u r e  h a s  t o  be i n c r e a s e d  by 3 t i m e s  t o  double  
t h e  d e s u l f u r i z a t i o n ,  however, and i n c r e a s e  o f  2 5  p e r c e n t  i n  t h e  
r e a c t i o n  t e m p e r a t u r e  d o u b l e s  t h e  d e s u l f u r i z a t i o n .  It  t h e r e f o r e  
a p p e a r s  t h a t  r e a c t i o n  t e m p e r a t u r e  h a s  a s t r o n g e r  e f f e c t  on d e s u l -  
f u r i z a t i o n  t h a n  d o e s  hydrogen p a r t i a l  p r e s s u r e .  

I t  must b e  n o t e d  t h a t  the  e x p e r i m e n t a l  runs  w e r e  done i n  
b a t c h  r e a c t o r s .  A s  a r e s u l t  the  d e s u l f u r i z a t i o n  i s  l i m i t e d  by 
e q u i l i b r i u m  and t h e r e f o r e ,  t h e  d e s u l f u r i z a t i o n  o b t a i n e d  may n o t  he 
t h e  m a x i m u m  a t t a i n a b l e  under the  r e a c t i o n  c o n d i t i o n s  s t u d i e d .  

Carbon-Hydrogen R a t i o  o f  Coal  Liquid  

There a p p e a r s  t o  b e  no d i s c e r n i b l e  t r e n d  i n  t h e s e  r e s u l t s .  The C/H 
r a t i o s  ranged from 14 .5  t o  15.8 w i t h  a s t a n d a r d  d e v i a t i o n  of  0.32. 

Tabular  v a l u e s  o f  t h e  C/H weight  r a t i o  are shown i n  Table  4 .  

The carbon hydrogen  r a t i o  of t h e  r a w  coal and t h e  r a w  s o l v e n t  
i s  13.45 and 1 5 . 3 1  r e s p e c t i v e l y .  The carbon hydrogen r a t i o  o f  t h e  
raw coal  p l u s  s o l v e n t  s l u r r y  i s  14.85. The a v e r a g e  carbon hydrogen 
r a t i o  of t h e  m i x t u r e  a f t e r  t r e a t i n g  w a s  14.97.  T h e r e f o r e , ,  it appears  
t h a t  l i t t l e  h y d r o g e n a t i o n  of  t h e  c o a l  and s o l v e n t  occur red .  

r a b l e  4. Carbon-Hydrogen Ra t ios  of L i q u i d  C o a l  Product .  
~~ 

iun 
Jo. 
1 
1 
1 
2 
2 
2 
3 
3 
3 
4 
4 
4 
5 
5 
5 
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- C/H 
14 .7  
14 .8  
14.6 
14.9 
1 4 . 8  
14 .8  
15 .0  
14 .5  
14.9 
14.9 
1 4 . 7  
15.3 
14.9 
14 .7  
14.9 
14 .7  
14.6 
14.8 
15.1 
15.1 
14 .9  
14.9 
14.8 
14 .8  

Run 

9 
9 
9 

10 
10 
10 
11 
11 
11 
1 2  
1 2  
1 2  
1 3  
1 3  
1 3  
1 4  
1 4  
1 4  
15  
15  
15  

No. C/H - 
14.6 
15.0 
14.7 
15.2 
15.5 
15.0 
15.0 
15.5 
15.0 
14.5 
14.7 
14.7 
15.8 
15.4 
15.6 
15.6 
15 .3  
15 .3  
15.4 
15 .3  
15 .3  

1 

I 

I 
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F i n a l  Reaction P r e s s u r e s  

Reaction p r e s s u r e s  were n o t  t aken  on  the (3 runs so tha t  an 
a c c u r a t e  m a t e r i a l  ba l ance  cou ld  be c a l c u l a t e d .  A p l o t  of  r e a c t i o n  
p r e s s u r e s  i s  shown i n  Fiq. 7. 

Reaction p r e s s u r e s  i n c r e a s e d  wi th  i n c r e a s e d  r e a c t i o n  tempera- 
t u r e  and w i t h  i n c r e a s e d  i n i t i a l  carbon monoxide p r e s s u r e .  The 
i n c r e a s e  was n o t  l i n e a r  b u t  s l i g h t l y  exponen t i a l .  The h i g h e s t  
r e a c t i o n  p r e s s u r e  encoun te red  was 3540 p s i g  a t  475OC and an i n i t i a l  
carhon monoxide p r e s s u r e  of 600 p s i g .  

V i s c o s i t y  of  t h e  L iqu id  Coal 

V i s c o s i t i e s  ranged  from 39 SSU t o  77 SSU. L iqu id  viscosi- 
t i e s  a r e  shown i n  Table  5. P roduc t  v i s c o s i t y  d e c r e a s e d  w i t h  an 
i n c r e a s e  i n  b o t h  t empera tu re  and p r e s s u r e  w i t h  r e a c t i o n  t empera tu re  
having  a g r e a t e r  e f f e c t  on t h e  p roduc t  v i s c o s i t y  than  r e a c t i o n  p r e s -  
s u r e .  A t  t h e  l o w e s t  r e a c t i o n  t empera tu re  t h e  p r e s s u r e  e f f e c t  w a s  
r eve r sed .  The h i g h e r  r e a c t i o n  p r e s s u r e s  and t empera tu res  c racked  
t h e  c o a l  molecules  t o  a g r e a t e r  e x t e n t  making t h e  l i q u i d  p roduc t  
less v i scous .  

I t  must be noted  t h a t  t h e  v i s c o s i t i e s  w e r e  t aken  of  t h e  mixture  
of bo th  t r e a t e d  c o a l  and s o l v e n t  w i t h  t h e  un reac ted  c o a l  b e i n g  
s e p a r a t e d  b e f o r e  a n a l y s i s .  S e v e r a l  samples w e r e  ana lyzed  tw ice  t o  
check t h e  r e s u l t s .  A maximum v a r i a t i o n  o f  2 S a y b o l t  s econds ,  or 
approximate ly  3 p e r c e n t  error, was found. 

Kinematic V i s c o s i t y  of  L iqu id  Coal a t  210°F. ITable 5. 

i 

I SSU (sec) Kinematic V i s c o s i t v  
Run N o .  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
1 3  
1 4  
15  

1 
68 
71  
1 4  
7 7  
7 2  
61 
63 
60 
50 
55 
4 7  
4 4  
45 
45 
39 

- 2 
67 

76 

1 3  

62 

- 

55 

4 4  

4 0  

1 
12.7 
13 .4  
1 4 . 2  
14.9 
13.7 
10.9 
1 1 . 4  
10.6 

7.9 
9.3 
7 . 1  
6 . 2  
6.5 
6.5 
4.7 

- (est.) - 2 

14.7 

13.9 

1 1 . 2  

9.3 

6 . 2  

5.0 
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Heat ing  Values of L i q u i d  Coal 

Heat ing  v a l u e s  w e r e  determined on t h e  mix tu re  of l i q u i d  c o a l  
and s o l v e n t  a f t e r  t r e a t i n g .  The h e a t i n g  v a l u e s  are shown i n  Tab le  6. 
The u n t r e a t e d  mix tu re  of  c o a l  and s o l v e n t  had a h e a t i n g  va lue  of  
15,388 BTU/lb.  A f t e r  t r e a t i n g  t h e  h e a t i n g  v a l u e s  of  t h e  mix tu re  
ranged from 16,873 B T U / l b  t o  17,818 BTU/lb. The re fo re ,  t h e  h e a t i n g  
v a l u e s  were i n c r e a s e d  approximate ly  1 0  p e r c e n t  t h rough  t r e a t i n g .  

Table  6. L i q u i d  Coal and So lven t  Mixture  Heat ing  Values.  

Heating Values  
Run No. BTU/lb 

1 A  
2A 
3A 
4A 
5A 
6A 
7A 
8A 
9A 

1 0 A  
1 1 A  
1 2 A  
13A 
l 4 A  
1 5 A  

Creosote o i l  
Coal (Dry) 

16,922 
17,045 

16,902 
17,157 
17.090 

16,889 

l7;1?8 
17,320 
16,873 
17,818 
16,994 
17,269 
17,278 
17,294 
17,407 
16,775 
11,227 

CONCLUSIONS 

The fo l lowing  c o n c l u s i o n s  can  be made from t h i s  s t u d y .  

1) Conversion of  c o a l  t o  l i q u i d  i n c r e a s e s  w i t h  an  i n c r e a s e  i n  r e a c -  
t i o n  t empera tu re  o v e r  t h e  range  of 375OC t o  475OC. However, t h e  
t o t a l  system p r e s s u r e ,  o v e r  t h e  range  of 2 3 0 0  p s i g  t o  3500 p s i g ,  
does  n o t  appear  t o  have  any  d e f i n i t e  e f f e c t  on c o a l  conve r s ion .  

2 )  Conversion of b i tuminous  c o a l  t o  l i q u i d  was b e t t e r  t h a n  con- 
v e r s i o n s  r e p o r t e d  i n  p r e v i o u s  s t u d i e s  a t  t h e  same r e a c t i o n  c o n d i t i o n s .  

3 )  D e s u l f u r i z a t i o n  i n c r e a s e s  wi th  an i n c r e a s e  i n  r e a c t i o n  tempera- 
t u r e  o v e r  t he  range  of  375OC t o  475OC. 
on coal d e s u l f u r i z a t i o n  w e r e  n o t  a p p a r e n t  from t h i s  s tudy .  

4 )  D e s u l f u r i z a t i o n  r e s u l t s  found ir. t h i s  s t u d y  u s i n g  t h e  C O - s t e a r  
p r o c e s s  were n o t  a s  good as t h e  d e s u l f u r i z a t i o n  p o t e n t i a l l y  a t t a i n -  
a b l e  u s i n g  pure  hydrogen. 

5) D e s u l f u r i z a t i o n  i n c r e a s e s  w i t h  an i n c r e a s e  i n  hydrogen p a r t i a l  
p r e s s u r e  from 1 0 0  p s i a  t o  800 p s i a .  

Again, t h e  p r e s s u r e  e f f e c t s  

, 

/ 
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6 )  
temperature and pressure  range s tudied  w a s  57 percent.  

7) 
temperature over t he  range studied. 

8) 
appreciably through processing i n  t he  temperature and p r e s w r e  ranges  studied. 

9) 
r eac t ion  temperature and reac t ion  pressures  over t h e  range studied. 

Maximurn desul fur iza t ion  a t t a ined  with the  CO-steam process  i n  t h e  

Reaction pressures increase  exponentially with increases  i n  r e a c t i o n  

The carbon-hydrogen r a t i o  of t he  coa l  and so lvent  mixture did n o t  cb-e 

Liquid coa l  and so lvent  v i s c o s i t i e s  decrease with inc reases  i n  both 
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Figure 1 
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Simplified Process Flow Diagram, CO-Steam Liquefaction 
of Coal. 
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Figure 2. Weight Percent Conversion of Solid Coal to Liquid Coal. 
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Figure 7 .  Final Reaction Pressures. 


